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Model for the Formation of a Microscopic Turing Structure:
The Faceting of Pt(110) during Catalytic Oxidation of Co
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A Monte Carlo simulation of the formation of regular facet patterns during catalytic oxidation of CO
on Pt(110) has been conducted. The simulation was based on the elementary steps of the surface reac-
tion, the CO-induced l x l = 1 x2 phase transition, and the enhancement of 02 adsorption at step sites.
The model can reproduce the formation of sawtoothlike facet patterns with a spacing of —100 to 200 A.
The facets represent a Turing structure caused by the coupling of kinetic instabilities with the mass
transport of Pt atoms.

PACS numbers: 82.20.Mj, 82.65.Jv

Although the existence of stationary periodic concen-
tration patterns in chemical reaction systems was predict-
ed almost forty years ago in a pioneering paper by Tur-
ing, it has only been very recently that convincing experi-
mental evidence could be obtained [1-3]. One system
which has been investigated extensively is the catalytic
oxidation of CO on a Pt(110) single-crystal surface ex-
hibiting kinetic oscillations and complex spatiotemporal
patterns [4-7]. Under reaction conditions, during which
the CO-induced 1 x 1 = 1 x 2 surface phase transition
(SPT) proceeds, one may also observe the formation of a
stationary spatial pattern. This consists of facets of (430)
orientation forming a symmetric sawtooth pattern with a
lateral periodicity of —100 to 200 A [2,5]. Since the ori-
gin of the facets is evidently closely related to kinetic in-
stabilities, e.g. , kinetic oscillations, and since they are
only stable under reaction conditions, the regular patterns
have been interpreted as a dissipative structure of the
Turing type [2].

In this Letter a Monte Carlo simulation of the faceting
of Pt(110) during catalytic CO oxidation is presented
based on the elementary steps of the surface reaction and
the 1x 1 =1x2 SPT. The model is capable of reproduc-
ing all of the essential experimental facts, in particular
the formation of regularly spaced facets. Thus, a detailed
picture is available for the formation of a Turing struc-
ture on a microscopic length scale.

The elementary step in the faceting mechanism is
clearly the mass transport of 50% of the Pt surface atoms
which is associated with the formation or removal of the
1 x 2 "missing-row" structure during the CO-induced
1x 1=1x2 SPT. This can be easily visualized with the
ball model depicted in Fig. 1(a). With the surface
diffusion taking place preferentially along the (110)
troughs, the mass transport leads to the formation of
(100) steps [8]. By accumulating such steps and arrang-
ing them in a regular sequence, all orientations of the
[001] zone can be constructed. All facets, observed in ex-
periment, belong to this zone [5]. As demonstrated by an
investigation with a scanning tunneling microscope, the
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FIG. l. Surface model used in the simulation. (a) Ball mod-
el illustrating the formation of a (100) step as the 1&&1 surface
(top) undergoes transformation to the 1&&2 reconstructed sur-
face (middle). The reconstruction can be envisioned to occur
by moving the atoms of every second row of the front section on

top of the 1 x 1 layer in the rear section thereby opening up a
new 1 x2 terrace layer. Accumulation of (100) steps may lead
to faceting as demonstrated with the (320) orientation (bot-
tom). The unit ceII of this orientation consists of two (110) ter-
race units followed by one (100) step unit. Note that the direc-
tion of faceting ([110]) is perpendicular to the direction of the
1&2 reconstruction ([001]). (b) Formation of a (100) step in

the one-dimensional substrate model as one a (1 x 1) row is con-
verted into two P (1 x2) rows. (c) Interaction energy of a row
of Pt atoms with its horizontal neighbors for three possible sur-
face configurations.

SPT proceeds very locally, depending only on the CO
coverage of a small number of Pt atoms [9]. Therefore,
Auctuations of the CO coverage around the critical cover-
age Bqo,„;&=0.2 of the SPT can induce local structural
changes and thus provide the necessary mass transport of
Pt atoms [9].

We treat the simulation of the SPT in the same way as
one would envision it with the ball model in Fig. 1(a).
We let the surface reaction take place and then interrupt
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it periodically in order to rearrange the local structure ac-
cording to the distribution of adsorbed CO. Consequent-
ly, the whole simulation can be divided into an adsorp-
tion-reaction part and a substrate part. For our model
surface, we chose a 200x 5 lattice with periodic boundary
conditions and applied the Monte Carlo (MC) algorithm
for calculating probabilities for the individual steps of the
reaction and the substrate changes.

Modeling of the surface reaction was conducted on the
basis of the Langmuir-Hinshelwood (LH) mechanism,

CO+ *=CO,.d,

02+ 2 + 20ad ~

CO,.d+O,. d~ CO2+ 2+

(2)

(3)

(the asterisks denote a free adsorption site), whose steps
were incorporated into the simulation. In addition, CO
diffusion via site hopping was included. Each adsorption
site can be occupied by either a CO molecule or an oxy-
gen atom, or can be empty. The adsorption part differs
from that of the ZGB model of Ziff; Gulari, and Barshad,
insofar as we also allow CO to adsorb onto a site already
occupied by atomic oxygen followed by immediate reac-
tion to form CO2 [10]. This latter step is not meant to
represent an Eley-Rideal mechanism for CO oxidation,
but simply accounts for the fact that high oxygen cover-

ages do not strongly inhibit CO adsorption, e.g. , poison
the reaction. This lack of inhibition can be realized if 0
atoms occupy hollow sites and CO molecules prefer
bridge or on-top sites.

For the substrate changes, a one-dimensional represen-
tation of 200 sites was chosen with each site standing for
a row of five adsorption sites in the [001] direction. The
200&5 adsorbate lattice may thus be considered as an

on-top view of the real lattice while the substrate lattice
represents a side view. Each row can be either unrecon-
structed (a row) or 1&&2 reconstructed (p row). The
status is determined from the CO coverage e~Q averaged
over the five sites of the corresponding row j. For e~Q
~e(Q „t,the status is a; for e,'Q&ecQ„;„the status is

p. As demonstrated in Fig. 1(b), the 1 x 1=1X2 SPT
can either create or annihilate steps following the rule of
mass conservation for the surface atoms.

If the gas flow of CO and 02, and thus the CO2 pro-
duction, is stopped, the facets already formed decay in

a thermal reordering process which restores the flat
Pt(110) surface [5,6]. The thermal instability of the
facets can be ascribed to a higher surface energy caused
by the increase in surface roughness. This thermodynam-
ical driving force is included in the model by introducing
a single attractive interaction energy E] between horizon-
tally neighboring rows. As demonstrated in Fig. 1(c), the
energetically most favorable situation is that of a flat sur-
face. We allow for thermally activated diffusion of Pt
atoms which in our model takes place via site hopping of
whole rows. The jump probability 8'~ of a row j is calcu-

lated from the difference in the interaction energy hE„„
between old and new sites:

1 if AE„„~O,
exp( AE—„„/kT)if hE„„)0.

Experimentally it was found that the faceting of Pt(110)
is accompanied by an increase in catalytic activity which
is caused by the enhanced 02 adsorption rate at step sites
[5]. Therefore, a higher oxygen sticking coefficient
$Q t p 1 has been assigned to step sites in our model, as
compared to terrace sites, where sQ, t,„,=0.25 was
chosen. We only consider as step sites the substrate
atoms located directly next to the step as one proceeds up
the step [rows 2 and 4 in Fig. 1(b) after SPT]. The s~~,

were updated for each row j after the substrate had been
changed and before the next reaction cycle was started.
The time scale of one reaction cycle is —0. 1 s, since
about ten monolayers adsorb per second in the 10
mbar range. The time scale of the substrate changes is
faster as the SPT is estimated to proceed in about 0.01 s

at 500 K [9,11]. Accordingly, we let the simulation carry
out ten substrate cycles, each including the SPT and
thermal reordering, after each reaction cycle.

If the model surface is exposed to a constant flow of
CO and 02 comparable to the experimental conditions,
the surface roughens as fluctuations in the CO coverage
around e( Q „ t initiate local structural changes. As
demonstrated by a series of surface profiles displayed in

Fig. 2, the roughening leads to the development of facets
with a similar sawtoothlike pattern, as observed experi-
mentally [2]. The term "faceting" and not "roughening"
is used here because the LEED experiments have demon-
strated that in fact well-defined new orientations come
into being which give rise to a distinct LEED pattern
with a 0,0 beam different from the original one [5]. A
stationary state in the development of faceting is reached
after —4000 MC cycles. The lateral periodicity of 40
lattice units (l.u. ) in the [110] direction is comparable to
the experimental value of 70 l.u. [2].

In order to demonstrate that the faceting is indeed
caused by the ongoing surface reaction and not due to a
hidden thermodynamical stabilization, the gas flow was

stopped after 4000 MC cycles. Thermal reordering then
leads to the reappearance of the flat surface, as shown by
the profile recorded after 6000 MC cycles. The variation
of the adsorbate coverages, the surface structure, and the
reaction rate during the development of faceting is

displayed in Fig. 3. The rms roughness, which may serve
as a measure for the degree of faceting, reaches a value of
2.8, which comes quite close to the experimental value of
3.0 determined for a strongly faceted surface [2]. More-
over, the time scale compares well with experiment, since
the 4000 MC cycles correspond to 400 s in real time,
which is roughly the time during which faceting develops
experimentally [5].

The reaction conditions under which faceting develops
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are depicted in Fig. 4. Here the rms roughness, which is
reached after 2000 MC cycles, and the reaction rate have
been plotted for diAerent ppQ parameters with pQ, and T
being kept constant. The CO2 production rate rcQ2 ex-
hibits the typical behavior of the LH mechanism in which

r~Q, with increasing ppQ jumps from the high-rate
branch associated with an 0-covered 1 x 2 surface to the
low-rate branch associated with a CO-covered 1X1 sur-
face. There, a dense CO adlayer inhibits 02 adsorption
and hence the reaction. A strong peak of the rms rough-
ness in Fig. 4(a) is located in between the position of the
rate maximum and the low-rate branch of the unfaceted
surface. Thus, faceting is restricted to the transition re-
gion between the two branches of the reaction, which has
also been observed experimentally [5]. The residual
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new rate curve, denoted by triangles in Fig. 4(b), has
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FIG. 3. Variation of the adsorbate coverages, the fraction of
I X2 reconstructed surface area, the CO2 production rate, and
the rms roughness of the surface during the development of
faceting displayed in Fig. 2.
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FI&. ~G. 4. Dependence of faceting on the reaction conditions.
The circles in (a) denote the rms roughness obtained after ex-
posing the surface for 2000 MC cycles to a flow of 02 and CO
with varying pco. The curves in (b) indicate the corresponding
COq production rate before (crosses) and after (triangles) the
surface had been exposed to reaction conditions. The adsorp-
tion probabilities P„.d, are connected to the partial pressure p via
PBds(CO, O~) =pco, o,s (02,CO), with s (Oq, CO) denoting the
sticking coefficient of Oz and CO, respectively.
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been shifted toward higher p~Q thus indicating an in-
crease in catalytic activity. The same efI'ect has been
found experimentally [2,5].

The mechanism for faceting is clearly based on large
CO-coverage fluctuations which occur in the transition
region between the two rate branches and which cause
mass transport of Pt atoms each time the surface is
forced to undergo the 1 x 1 = 1 & 2 SPT. In order to pro-
duce actual facets and not just to roughen the surface lo-

cally, an additional mechanism is necessary which has
been shown to be based on the diAerent sQ, for step and
terrace sites. No faceting occurs if both are chosen equal.
The principle of the mechanism can be explained with the
help of Fig. 4. With a high step density, e.g. , a steep
facet, sQ, will be high, and the reaction conditions will

correspond to region I in Fig. 4. There, few structural
fluctuations are occurring. In contrast, on a flat surface
$Q will be low, and the reaction conditions will corre-
spond to region II in Fig. 4. Then strong structural fluc-
tuations will prevail. But while this mechanism works in

favor of steep facets, thermal reordering will try to keep
the surface as flat as possible. In efl'ect, this will lead to
the selection of facets with a certain steepness depending
on the reaction conditions.

In summary, a detailed model has been presented
which explains the formation of regular facet structures
on Pt(110) during catalytic CO oxidation on the basis of
few elementary steps known from experiment. Almost all
essential experimental results could be reproduced. The
model demonstrates how a Turing instability caused by

the coupling of kinetic instabilities with the mass trans-
port of Pt atoms can lead to faceting in a surface reac-
tion.
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